Introduction {#Sec1}
============

Terpenoids encompass a group of secondary metabolites which are often produced in high amounts in most plant tissues^[@CR1]^. They are typically classified based on the number of carbon atoms of a molecule, namely: monoterpenes (C~10~), sesquiterpenes (C~15~), diterpenes (C~20~), triterpenes (C~30~), and tetraterpenes (C~40~). Due to their low molecular weight, mono- and sesquiterpenes are highly volatile components found in scents and fragrances emitted by aromatic plants^[@CR1]^. Many of these volatile compounds are considered as toxic or repellent to herbivores and pathogens^[@CR1],[@CR2]^. In addition, they can also play multiple other roles in plant-insect interactions. These include attraction of predatory arthropods and parasitoids^[@CR3]--[@CR5]^, attraction of insect pollinators and seed dispersers^[@CR6]--[@CR8]^, insect-insect interactions such as co-factors for bark beetle aggregation pheromones^[@CR9]^, plant-to-plant communication as warning signals to neighbouring plants of herbivore presence^[@CR10],[@CR11]^, and plant protection against abiotic stresses (e.g. drought or elevated temperatures^[@CR12],[@CR13]^).

A number of studies have reported substantial variation both within and among populations in terpene quantitative profiles, mainly for shrubs and trees^[@CR14]--[@CR20]^. As for other plant defensive traits involved in herbivore resistance, studies have assessed broad-sense genetic variation in terpene levels (i.e. "genotypic" effects in ecological studies or Quantitative Trait Loci^[@CR14],[@CR16],[@CR21],[@CR22]^) and in some cases addressed specific genes or groups of genes that code for focal compounds (e.g. candidate genes^[@CR23]^). Plant sex is an ecologically important form of genetic variation in dioecious plants^[@CR24]^. Dioecy is frequently characterized by the presence of sexual dimorphism in various traits^[@CR25]^, which includes defensive traits associated with resistance to herbivores^[@CR26]^. Female plants are expected to invest more resources into reproduction than males, such that allocation trade-offs are expected to lead to decreased growth and in turn higher investment in defensive traits relative to males^[@CR27],[@CR28]^. Despite mounting evidence of sexual dimorphism in traits associated with resistance to herbivory, including plant physical defences (e.g. spines^[@CR29]^, leaf toughness^[@CR30]^) and secondary chemistry (e.g. phenolic compounds^[@CR28],[@CR30]^ or coumarins^[@CR31]^), few studies have tested for effects of plant sex on terpenes^[@CR32],[@CR33]^. In addition, although there are a number of studies measuring the effects of plant sex on quantitative variation in chemical defences, including terpenes^[@CR32],[@CR33]^, fewer have tested for effects on compositional variation or assessed the effects of plant sex relative to other sources of genetic variation. As a result, the degree of quantitative or qualitative variation in chemical defences between sexes (i.e. effects of sex on population genetic structure in defences) and the contribution of plant sex to variation in defences relative to total genetic variation associated with defences or that from other sources of ecologically important genetic variation are unknown. Disentangling these different sources of variation and their degree of control over plant phenotypes is important to gain a mechanistic understanding of genetic variation underlying plant chemical defences.

*Baccharis salicifolia* (Ruiz & Pav.) Pers. (Asteraceae) is a woody shrub for which sex is likely genetically determined^[@CR34]^. Our previous work with this plant species showed genetic variation in several traits related to growth and reproduction (e.g. flower number, relative growth rate^[@CR33]^), in the emission of plant volatile organic compounds^[@CR35]^, and in arthropod abundance and composition^[@CR24],[@CR33],[@CR36]^, as well as sexual dimorphism in several plant traits (more flowers and higher growth rate for females compared to males) and arthropod community composition^[@CR33]^. Likewise, in a recent study we also found substantial genetic variation (but not sexual dimorphism) in leaf terpene amount for this species^[@CR33]^. Here we build on these recent findings and provide a more in-depth analysis of terpene variation for these same plants from an experiment consisting of a common garden with male (N = 19) and female (N = 20) genotypes sourced from a single population of *B. salicifolia*^[@CR33]^. Specifically, we quantify leaf mono- and sesquiterpene amount, richness, and diversity (i.e. quantitative profile) as well as compound composition (i.e. qualitative profile). By replicating multiple genotypes within each sex, we are able to compare the effects of plant sex vs. those due to additional genotypic variation, and in doing so provide a unique assessment of multiple sources of genetic variation not only in quantitative but also qualitative terpene expression.

Results {#Sec2}
=======

We detected a total of 56 terpenoid compounds in *B. salicifolia* leaf tissue, of which 25 were monoterpenes and 31 were sesquiterpenes. Of this total, 46 were positively identified (Table [1](#Tab1){ref-type="table"}). On average, terpenoid compounds comprised 13.5 ± 1.1% SE of leaf fresh weight (range: 0.44--91.1%) with sesquiterpenes representing 81.2% of this total. The five compounds found at highest amounts, together accounting for an average of 59.72 ± 1.4% SE (range: 4.0--25.5%) of total terpene amount, were the monoterpenes limonene and (E)-β-ocimene, and the sesquiterpenes α-bisabolol, cuprenen-1-ol (4-), and chromolaenin (Table [1](#Tab1){ref-type="table"}).Table 1Amount, estimated as normalized peak area per fresh weight, of monoterpenes and sesquiterpenes in leaves of *Baccharis salicifolia* female and male plants belonging to 39 genotypes (N = 19 males and N = 20 females).KRIFemaleMale**Monoterpenes**α-Pinene9332.293 ± 0.9713.468 ± 0.993Camphene9563.141 ± 1.0613.168 ± 1.076Sabinene9723.768 ± 1.0053.673 ± 1.019β-Pinene98311.002 ± 1.2829.220 ± 1.299α-Phellandrene10089.903 ± 1.65610.044 ± 1.679Limonene102844.508 ± 9.75950.414 ± 9.896(*E*)-β-Ocimene105290.844 ± 13.687111.330 ± 13.879γ-Terpinene106638.684 ± 9.33236.515 ± 9.463Linalool10943.098 ± 0.8393.244 ± 0.8511,3,8-*p*-Menthatriene11086.878 ± 0.9914.813 ± 1.005*trans*-Pinocarveol11343.536 ± 1.4054.478 ± 1.425*trans*-Verbenol11473.595 ± 2.2458.729 ± 2.276Pinocarvone11633.655 ± 1.4862.224 ± 1.507Terpinen-4-ol11762.025 ± 1.1712.656 ± 1.188α-Terpineol11841.888 ± 0.9142.570 ± 0.927Myrtenol11973.634 ± 1.5463.513 ± 1.568β-Cyclocitral12252.383 ± 1.8195.428 ± 1.844Carvone12442.406 ± 1.2683.556 ± 1.286Geranial12582.006 ± 1.3823.796 ± 1.402Perilla aldehyde12713.103 ± 1.4792.432 ± 1.499*p*-Menth-1-en-7-al12800.857 ± 0.5931.374 ± 0.601Unknown 112870.626 ± 0.3640.862 ± 0.369Perilla alcohol12941.538 ± 0.8272.106 ± 0.839Sabinyl acetate13051.597 ± 0.5760.928 ± 0.5842E-,4E-Decadienal13161.549 ± 1.8865.050 ± 1.912**Sesquiterpenes**Myrtenyl acetate13305.226 ± 1.5251.886 ± 1.546Eugenol13623.172 ± 0.6861.971 ± 0.696δ-Elemene13421.256 ± 0.6952.593 ± 0.705α-Cubebene13498.160 ± 1.3783.452 ± 1.397α-Ylangene13725.237 ± 1.6705.704 ± 1.694α-Copaene13807.258 ± 1.5956.783 ± 1.618β-Caryophyllene14184.840 ± 19166.731 ± 1.943γ-Elemene14413.544 ± 1.2354.998 ± 1.252α-Humulene145517.807 ± 2.42922.646 ± 2.463γ-Muurolene147732.787 ± 2.77331.618 ± 2.812α-Farnesene150852.522 ± 3.81146.090 ± 3.865δ-Cadinene153850.631 ± 4.69744.831 ± 4.763Elemol155529.034 ± 2.94626.115 ± 2.987Ledol157032.837 ± 4.37530.868 ± 4.436T-Cadinol16109.841 ± 3.58211.532 ± 3.632γ-Eudesmol16233.391 ± 0.8042.942 ± 0.815Cubenol164820.526 ± 3.34321.865 ± 3.390α-Bisabolol1675190.420 ± 25.761180.350 ± 26.1234-Cuprenen-1-ol1705481.080 ± 80.704396.310 ± 81.838Chromolaenin1731237.290 ± 89.407117.850 ± 90.664Unknown 2175311.432 ± 2.7008.037 ± 2.738γ-Curcumen-15-al177617.011 ± 3.33621.347 ± 3.383Unknown 3179557.399 ± 6.38754.491 ± 6.476Unknown 4181955.391 ± 7.42633.021 ± 7.530Unknown 518556.083 ± 7.12917.552 ± 7.229Unknown 6186612.679 ± 1.95215.214 ± 1.979Unknown 7188511.566 ± 3.46611.031 ± 3.515Unknown 8190815.010 ± 3.32510.471 ± 3.372Phytol193631.192 ± 3.95732.903 ± 4.012Unknown 919672.679 ± 0.9493.826 ± 0.962Unknown 1020004.979 ± 1.2755.745 ± 1.293Least-square means ± SE are shown. Compounds are following an ascending order of Kovats retention index (KRI).

Sexual dimorphism and genotypic variation in terpene quantitative profile {#Sec3}
-------------------------------------------------------------------------

We found no detectable effect of plant sex on richness, diversity or amount of either mono- or sesquiterpenes (Table [2](#Tab2){ref-type="table"}, Fig. [1a--f](#Fig1){ref-type="fig"}). We did, however, find significant genotypic variation in diversity and amount of monoterpenes in *B. salicifolia* (Table [2](#Tab2){ref-type="table"}). Specifically, there was up to 11.7-fold and 14.6-fold variation in diversity (measured as the Shannon--Weiner index, H'; range: 0.14 ± 0.24 to 1.64 ± 0.23, Fig. [1c](#Fig1){ref-type="fig"}) and amount (range: 49.69 ± 136.98 to 725.11 ± 136.98 normalized peak area per fresh weight, Fig. [1e](#Fig1){ref-type="fig"}) of monoterpenes between plant genotypes. We found no evidence of spatial autocorrelation (e.g. clustering) of monoterpene diversity and amount, but rather these two variables were homogeneously distributed throughout the study area (Fig. [S1](#MOESM1){ref-type="media"} in the Supplementary Material). We did not find genotypic variation in richness of monoterpenes (Table [2](#Tab2){ref-type="table"}, Fig. [1a](#Fig1){ref-type="fig"}), or in richness, diversity, or amount of sesquiterpenes (Table [2](#Tab2){ref-type="table"}, Fig. [1b,d,f](#Fig1){ref-type="fig"}).Table 2Summary of results from linear mixed models testing for the effect of plant sex and plant genotype nested within sex in richness, diversity (H') and amount of monoterpenes and sesquiterpenes in *Baccharis salicifolia* plants belonging to 39 genotypes (N = 19 males and N = 20 females).VariablePlant sexPlant genotypeF~1,175~*P*F~37,175~*P*Richness -- Monoterpenes0.510.4770.850.719Richness -- Sesquiterpenes1.530.2180.790.801H' -- Monoterpenes0.530.4684.75\<**0.001**H' -- Sesquiterpenes0.010.9781.240.180Amount -- Monoterpenes0.050.8321.95**0.002**Amount -- Sesquiterpenes0.040.8350.720.885We also included the block as a random factor. F-values with degrees of freedom (numerator, denominator) and associated significance levels (*P*-values) are shown. Significant *P*-values (*P* \< 0.05) are highlighted in bold face.Figure 1Genotypic variation and sexual dimorphism in terpene chemistry. Genotypic variation and sexual dimorphism in (**a**,**b**) richness (number of compounds), (**c**,**d**) diversity (H'; Shannon--Weiner index) and (**e**,**f**) amount (estimated as normalized peak area per fresh weight) of monoterpenes and sesquiterpenes in *Baccharis salicifolia* female (filled circles) and male (open circles) plants belonging to 39 genotypes (N = 19 males and N = 20 females). Circles are means ± s.e.m. Asterisks indicate significant differences between plant genotypes or sexes at *P* \< 0.01 (\*\*). n.s. = non-significant.

Sexual dimorphism and genotypic variation in terpene qualitative profile {#Sec4}
------------------------------------------------------------------------

The PERMANOVA test of sexual dimorphism in qualitative profiles indicated that neither monoterpene (pseudo-F = 0.62, df = 1, *P* = 0.685, Fig. [2a](#Fig2){ref-type="fig"}) nor sesquiterpene (pseudo-F = 0.65, df = 1, *P* = 0.628, Fig. [2b](#Fig2){ref-type="fig"}) composition differed across plant sexes. On the other hand, the PERMANOVA for genotypic variation indicated that monoterpene (pseudo-F = 1.47, df = 38, *P* \< 0.001, Fig. [3a](#Fig3){ref-type="fig"}), but not sesquiterpene (pseudo-F = 1.02, df = 38, *P* = 0.354, Fig. [3b](#Fig3){ref-type="fig"}), composition varied across genotypes. The PERMANOVA constrained by plant sex indicated that 23% and 25% of the variation in monoterpene composition was explained by male and female genotypic variation, respectively. The first two axes of the ordination together accounted for 45% of the genotypic variation in monoterpene composition (31% and 14% respectively, Fig. [3a](#Fig3){ref-type="fig"}). Genotypic variation in monoterpene composition was primarily associated with variation in the relative amount of limonene (R^2^ = 0.41, *P* \< 0.001) and (*E*)-β-ocimene (R^2^ = 0.44, *P* \< 0.001) (Fig. [3a](#Fig3){ref-type="fig"}).Figure 2Unconstrained ordinations of sexual dimorphism in terpene composition. Unconstrained ordinations of sexual dimorphism in (**a**) monoterpene and (**b**) sesquiterpene composition. Biplot arrows show associated linear trends with terpenes, scaled to reflect relative magnitude of effects based on R^2^ values (R^2^ \> 0.60, *P* \< 0.001). The sex ordination displays male and female centroids and 95% ellipses, as well as the means for each genotype. For monoterpenes (panel a), the PERMANOVA indicates that 0.02% of monoterpene composition variation is explained by sex. Overall, the first two axes of ordination accounted for 54% of the genotypic variation in monoterpene composition (35% and 19% respectively). For sesquiterpenes (panel b), the PERMANOVA indicates that 0.02% of sesquiterpene composition variation is explained by sex. Overall, the first two axes of ordination accounted for 63% of the genotypic variation in sesquiterpene composition (36% and 27% respectively). Female (N = 20) and male (N = 19) genotypes are depicted as closed and open circles, respectively.Figure 3Unconstrained ordinations of genotypic variation in terpene composition. Unconstrained ordinations of genotypic variation in (**a**) monoterpene and (**b**) sesquiterpene composition. Biplot arrows show associated linear trends with terpenes, scaled to reflect relative magnitude of effects based on R^2^ values (R^2^ \> 0.35, *P* \< 0.001). This genotypic ordination displays genotypic centroids while controlling for sexual dimorphism. For monoterpenes (panel a), the PERMANOVA (controlling for the effects of sex) indicates that 23% and 25% of monoterpene composition variation is explained by male and female genotypic variation, respectively. Overall, the first two axes of ordination accounted for 45% of the genotypic variation in monoterpene composition (31% and 14% respectively). For sesquiterpenes (panel b), the PERMANOVA (controlling for the effects of sex) indicates that 20% and 16% of sesquiterpene composition variation is explained by male and female genotypic variation, respectively. Overall, the first two axes of ordination accounted for 49% of the genotypic variation in sesquiterpene composition (31% and 18% respectively). Female (N = 20) and male (N = 19) genotypes are depicted as closed and open circles, respectively.

Discussion {#Sec5}
==========

Our findings indicated that sesquiterpenes were overall more abundant than monoterpenes in the analyzed *B. salicifolia* leaf samples, but only the latter exhibited significant genotypic variation in quantitative and qualitative profiles and we did not find sexual dimorphism in either terpene group. There was significant genotypic variation in monoterpene amount, diversity and composition (but not richness), with a few noticeable compounds dominating the samples (e.g. limonene and (E)-β-ocimene). In addition, we also found no sexual dimorphism in monoterpene or sesquiterpene amount, richness, diversity and composition. It therefore appears from our comprehensive analyses that plant sex is not a relevant axis of genetic variation in terpene quantitative and qualitative profiles in *B. salicifolia*. This, however, does not preclude the presence of sexual dimorphism in other chemical (e.g. diterpenes, triterpenes, phenolic compounds) or physical (e.g. toughness) defensive traits of potential importance to plant-herbivore or other types of interactions in this species.

Our results indicated no evidence of sexual dimorphism in terpene quantitative or qualitative measures. Theory predicts that female plants should invest more energy in reproduction and defence and less in growth relative to male plants^[@CR27],[@CR28]^. Our findings do not support this prediction and add to a growing number of studies reporting inconsistent patterns with either male plants being more highly defended or no difference between sexes (reviewed by Avila-Sakar & Romanow^[@CR37]^). For example, Stark and Martz^[@CR32]^ found no sexual dimorphism in terpene concentration in shoots of *Juniperus communis*. Similarly, our previous work based on the same *B. salicifolia* experimental plants used here indicated weak or non-detectable sexual dimorphism in plant traits associated with growth and reproduction as well as in arthropod community structure associated with this plant^[@CR33]^. Although speculative, the observed lack of sexual variation in terpene chemistry for *B. salicifolia* could have implications for herbivore preference or performance. For example, in another previous study we found that male *B. salicifolia* plants had higher abundances of the generalist aphid *Aphis gossypii*, whereas plant sexes did not differ in abundance of the specialist aphid *Uroleucon macolai*^[@CR24]^. If terpene chemistry matters for herbivore preference or performance, taken together, results from that study and our current work suggest that higher *A. gossypii* numbers on male plants respond to plant chemical (or physical) traits other than terpenes that potentially do show differences between plant sexes (e.g. nutrients, architecture, etc.). In the case of *U. macolai*, this aphid could be responsive to these compounds such that a lack of sexual dimorphism in terpene chemistry would preclude concomitant variation in this aphid's abundance, or, alternatively, this aphid could also be affected but overcomes plant sex differences in other defensive traits.

Our results showed that monoterpene diversity and amount exhibited variation among *B. salicifolia* genotypes. Previous work has similarly reported variation in the amount of leaf monoterpenes both between and within populations for a number of shrub and tree species^[@CR14]--[@CR19],[@CR38]^. Several of these studies have found that the amount of these compounds is associated with resistance to insect herbivory^[@CR1],[@CR39]--[@CR41]^, suggesting a defensive role in plant-herbivore interactions. On the other hand, studies reporting on intraspecific genetic variation in monoterpene diversity are much more limited. One exception is a recent study of ours where we also found that monoterpene diversity exhibited significant variation among populations of *Artemisia californica* distributed along a latitudinal gradient in California^[@CR19],[@CR42]^. Genetic variation in terpene diversity could also be potentially important as a number of studies have shown that greater chemical diversity is associated with increased resistance against herbivores^[@CR43],[@CR44]^, and may buffer populations against other sources of biotic stress (e.g. pathogens) or abiotic (e.g. temperature) stress. Although there are a number of studies reporting on phenotypic variation in secondary chemistry in the genus *Baccharis* (including *B. salicifolia*), these have not involved explicit assessments of sources of genetic variation in chemical traits^[@CR45]--[@CR47]^. In this sense, our results provide information on genotypic variation in the quantitative terpene profile for this species. The fact that we detected significant variation in these quantitative traits within a single population warrants future work assessing variation across populations and its potential biotic or abiotic correlates, as well as experimental studies investigating the influence of monoterpene amount and diversity on herbivore resistance.

We also found significant variation in monoterpene composition among *B. salicifolia* genotypes. Similarly, a recent work by our group showed significant variation in monoterpene composition across populations of *A. californica*^[@CR19]^. In addition, Thompson *et al*.^[@CR48]^ similarly reported significant variation in monoterpene composition across populations of *Thymus vulgaris*. It should be noted, however, that despite observing genotypic variation in monoterpene composition, we did not find evidence of distinct 'chemotypes' within the studied population as reported for other species, primarily of Mediterranean climate origin^[@CR49],[@CR50]^. Genotypic variation in monoterpene composition in *B. salicifolia* was primarily associated with changes in the relative amounts of two major compounds (limonene and (*E*)-β-ocimene), which did not separate into distinct genotypic groups but rather exhibited a range of variation in relative abundances across genotypes. Previous studies have reported that these two compounds may act as repellents or toxins to herbivores in woody species^[@CR14],[@CR44],[@CR51]--[@CR53]^. In particular, we previously found that the emission of both limonene and E-β-ocimene drastically increased after aphid herbivory^[@CR54]^ so unaccounted differences in herbivory on our experimental plants could have influenced (via induced responses) observed patterns of genotypic variation in constitutive terpene profiles.

We found no detectable genotypic variation in any of the quantitative or qualitative measures of variation in sesquiterpenes. With respect to quantitative measures, a number of studies have shown significant intra-specific variation in sesquiterpene amount^[@CR39],[@CR55],[@CR56]^, but the magnitude of variation in these compounds appears to be lower compared to monoterpenes^[@CR14],[@CR19],[@CR57]^. For example, Sampedro *et al*.^[@CR14]^ reported lower genotypic variation for sesquiterpene amount than for monoterpenes in young trees of *Pinus pinaster* in north-western Spain. Similarly, previous work of ours indicated that monoterpene but not sesquiterpene richness and diversity varied significantly across populations of *A. californica*^[@CR19]^. In addition, and consistent with quantitative profiles, we found no evidence of genotypic variation in the composition of sesquiterpenes in *B. salicifolia*. To our knowledge, only two previous studies have tested for intra-specific variation in sesquiterpene composition and, in contrast to our study, both reported significant variation among populations^[@CR19],[@CR57]^. In particular, Pratt *et al*.^[@CR19]^ found that sesquiterpene composition in *A. californica* significantly varied among populations distributed along the Californian coast, whereas Moniodis *et al*.^[@CR57]^ found that sesquiterpene composition in leaves of *Santalum spicatum* trees significantly varied across populations distributed in arid regions of West Australia. As compared to our study of within-population variation, both of these studies assessed variation among-population, and this distinction may underlie the contrasting results.

Our findings provide an assessment of quantitative and qualitative variation in terpene profiles in *B. salicifolia* and its underlying genetic sources. Additional work involving multiple populations of *B. salicifolia*, as well as measurements of terpenes in other plant tissues (e.g. flowers), are necessary to reach stronger conclusions about sex variation in terpene chemistry as well as assess the independent effects of different sources (e.g. sexual vs. non-sexual) of genotypic variation on terpene expression. For example, there may be genes associated with variation in terpene profiles that are linked to genes that determine sex^[@CR25]^, thus appearing spuriously associated. Conducting controlled crosses with different populations to produce segregating progeny would allow for a test of sex by genotype interactions to assess the linkage between sex-related and unrelated genetic variation. In addition, further work involving population variation, e.g. along ecological gradients in herbivory or abiotic variables, would provide a useful next step for identifying relevant factors associated with genetic variation in defensive chemistry in this species. Additional work could involve experimental tests of the effects of such factors on terpene expression and its consequences for insect herbivores. As a whole, the present study points at the need of assessing the independent effects of different sources of genetically-based variation, including plant sex, concurrently shaping plant defensive traits to uncover the mechanistic basis of plant defensive phenotypes. Likewise, our findings also emphasize the importance of increasing the level of detail and comprehensiveness of analyses of chemical traits putatively associated with defences to fully describe complex chemical defensive phenotypes in plants as well as their role in herbivore resistance.

Methods and Materials {#Sec6}
=====================

Study system {#Sec7}
------------

*Baccharis salicifolia* is a perennial, dioecious shrub widely distributed from the desert southwest of the United States and northern Mexico to South America^[@CR58],[@CR59]^. It is typically found in riparian areas and mesic microhabitats in high-density monospecific stands, where multiple genotypes co-occur at small spatial scales^[@CR58],[@CR60]^. In coastal southern California, *B. salicifolia* grows and flowers predominantly during the annual winter rains, but may also flower sporadically during the spring and fall. Notably, this species emits large amounts of volatile mono- and sesquiterpenes in all tissues (leaves, stems, flowers), and previous work suggests that these compounds confer protection against herbivores^[@CR35],[@CR54],[@CR61]^ and abiotic stress (e.g. drought^[@CR47]^).

This study provides a detailed analysis of terpene data from Nell *et al*.^[@CR33]^. In that study, an experimental common garden was used to characterize sexual dimorphism and genetic variation in *B. salicifolia* traits and plant-associated arthropod communities. Monoterpene amount was shown to vary nearly 10-fold among 39 plant genotypes, while sesquiterpene amount did not vary significantly, and there was no sexual dimorphism in either compound class. In this study, we provide a detailed analysis of these data on chemical amount, richness, and diversity (i.e. quantitative profile) as well as compound composition (i.e. qualitative profile).

Genotype selection, propagation and common garden {#Sec8}
-------------------------------------------------

We used a source population of *B. salicifolia* occurring in 80 ha of habitat found within the University of California San Joaquin Marsh Reserve (33.66°N, 117.85°E; Orange County, CA, USA) that was also used in previous work of ours with this species^[@CR24],[@CR33],[@CR59],[@CR60],[@CR62]^. In February 2008, we collected cuttings from 20 male and 20 female plants (i.e. genotypes hereafter). To maximize variation among genotypes, we collected cuttings from wild-grown plants that were separated by approximately 900 m. Cuttings were dipped in a 20% solution of Dip 'N Grow Root Inducing Concentrate (Dip 'N Grow Inc., Clackamas, OR), planted in perlite, and kept in a greenhouse for six weeks. We then planted all cuttings in 1 L pots of soil (equal parts silica sand, redwood compost, peat moss, and pumice) where they continued to grow for two months. One male genotype did not propagate successfully and was therefore eliminated from the study.

Common garden {#Sec9}
-------------

In May 2008, we established a common garden of *B. salicifolia* adjacent to the Marsh Reserve. We planted 39 genotypes and replicated each genotype 8--13 times (mean 11.5 ± 0.2; total N = 459 plants). We randomly distributed plants throughout the common garden in rows and columns with 1 m spacing between them (Fig. [S2](#MOESM1){ref-type="media"} in the Supplementary Material), and we divided the garden into 12 spatial blocks to account for soil heterogeneity. We watered plants with city water using drip irrigation emitters twice a week.

Terpene analyses {#Sec10}
----------------

In November 2011, we collected two fully expanded (undamaged) sun-exposed leaves from half of the replicates (5--6) for each genotype (N = 215 plants; Fig. [S2](#MOESM1){ref-type="media"}). For terpene extraction, we immediately weighted the collected leaves and placed them in small pieces into 2 ml n-hexane (99.9% purity), sonicated them for 10 min and allowed them to soak at room temperature for seven days^[@CR19]^. We then poured off the extracts and stored them at −80 °C. For the terpene analysis, we added 10 μL of an internal standard solution (0.13 μL mL^−1^ *m*-xylene in *n*-hexane) to 90 μL of each sample extract. We injected the samples (4 μL) onto a gas chromatograph (GC, ThermoFinnegan TraceMS+, Waltham, MA, USA) with a mass spectrometer (MS) detector that was fitted with a 30 m × 0.25 mm × 0.25 μ film thickness DB-5 fused silica column. The GC was operated in splitless mode with helium as the carrier gas (flow rate 1 mL min^−1^). The GC oven temperature program was: 1 min hold at 50 °C, 5 °C min^−1^ ramp to 180 °C, 20 °C min^−1^ ramp to 290 °C, and 1 min hold at 290 °C. The MS was operated in electron ionization mode at 70.0 eV and we collected data between 50--650 m/z. We identified mono- and sesquiterpenes using a NIST Mass Spectral Library and comparing their Kováts indices (Table [1](#Tab1){ref-type="table"}), calculated relative to the retention times of a series of n-alkanes (C~8~-C~20~, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) analysed under the same chromatographic conditions, with those reported in the literature^[@CR46],[@CR63]^. It is important to note that, although our Kováts indices matched well with those previously reported^[@CR45],[@CR63]^, terpene compounds should be considered as 'putative' until confirmation with standards. For each plant, we estimated the amount of mono- and sesquiterpenes by using normalized peak areas per fresh weight. The normalized peak area per fresh weight of each compound was obtained by dividing their integrated peak area by the integrated peak area of the internal standard and then dividing this value by the leaf fresh weight. To assess the relative abundance of terpenes across plant genotypes and sexes, we also calculated mono- and sesquiterpene diversity for each plant using the Shannon--Weiner index: H' = −Σ(P~i~ log\[P~i~\]), where P~i~ is the relative amount of a given terpene divided by the total terpenes in each plant. Finally, we also recorded the total number of mono- and sesquiterpene compounds (i.e. richness).

Statitical analyses {#Sec11}
-------------------

### Sexual dimorphism and genotypic variation in terpene quantitative profiles {#Sec12}

We ran linear mixed models including plant sex and plant genotype nested within sex as fixed factors to test for sexual dimorphism and genotypic variation in richness, diversity and amount of monoterpenes and sesquiterpenes (i.e. quantitative profile). We also included block as a random factor. We ran all analyses with PROC MIXED in SAS 9.4 (SAS Institute, Cary, NC)^[@CR64]^. We log-transformed all variables to achieve normality of residuals, and reported least square means ± SE in the original (untransformed) scale as descriptive statistics.

### Sexual dimorphism and genotypic variation in qualitative terpene profiles {#Sec13}

We tested for the effect of plant genotype on mono- and sesquiterpene composition (i.e. qualitative profile) separately using data on the relative amount of individual compounds for each type of terpene. We used a permutational multivariate analyses of variance (PERMANOVA)^[@CR65]^ including plant genotype as a fixed factor, constrained by plant sex to control for any effects of sexual dimorphism. A PERMANOVA is analogous to an ANOVA, but partitions similarity matrices between treatments and uses permutation tests with pseudo F-ratios. The PERMANOVA was based on 10,000 permutations using the 'vegan' package^[@CR66]^ in R software^[@CR67]^. To visualize the results of this analysis, we used pairwise Bray-Curtis dissimilarities as input to a principal coordinates analysis. The result of this analysis was then visualized in two dimensions, where each point reflected the genotype centroid. We selected influential terpenes based upon R^2^ \> 0.35 (*P* \< 0.001) for associations with the first two ordination axes (using 'envfit' in vegan) and displayed using biplot arrows with length scaled to R^2^ values.

We used the same procedures described previously using PERMANOVA to test for sexual dimorphism on terpene composition (qualitative profile) using genotype least square means. We visualized sexual dimorphism (with ordination) in terpene composition with the two sex centroids as well as the mean values for each male and female genotype displayed on the ordination plot. We selected influential terpenes based upon R^2^ \> 0.60 (*P* \< 0.001) for associations with the first two ordination axes.
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